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Abstract 
Pump failure is defined as the inability of the pump to pump at design capacity. In an urban drainage system failing 
pumps may result in sewer overflow and flooding. However, the system failure may be due to an unexpected 
rainfall event exceeding the overall design capacity of the pumps, or to the failure of one or more pumps being the 
inflow to the pumping station less than the design capacity. Here we propose a model that incorporates two 
stochastic models for (a) the storm water discharge and (b) the complex system functioning, into a tool for the 
storm water sewer reliability assessment. In our schematic stormwater sewer system a pipe network with storage 
capacity transfers water to the pumping station, and the pumping station discharges the incoming flow to a water 
body at higher level thanks to the interplay of a number of pumping units. The model may be used to evaluate the 
reliability of different design solution in order to define the design criteria that maximize the system service and 
minimize the realization costs.  
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1. Introduction 
One system failure is defined as the inability of the system to perform the task it was designed for when it is 
required [Mays and Cullinane, 1986]. In this paper we focus on a storm sewer system comprising a sewer, a 
storage capacity (that may be in line or at the wet well), and a pumping station. The reliability of the system is here 
defined as the probability that the system performs its mission when required (namely any time it rains).  
Most systems are composed of several subsystems and their reliability depends on how the components interplay 
[Mays and Cullinane, 1986]. We assume that rainfall flows into sewage by gravity with no uncertainty in the 
drainage and storage processes, then the pumping station lifts the incoming flow rate up to the upper level of a 
water body with uncertainty in the performance of the pumping units (that are the elements of the pumping 
station).  
We focus here on the reliability of stormwater sewer system including a pumping station. Pump failure is defined 
as the inability of the pump to pump at design capacity. In an urban drainage system failing pumps may result in 
sewer overflow and flooding. However, the system failure may be due to an unexpected rainfall event exceeding 
the overall design capacity of the pumps, or to the failure of one or more pumps being the inflow to the pumping 
station less than the design capacity.  
In our schematic stormwater sewer system a pipe network with storage capacity transfer water to the pumping 
station, and the pumping station discharges the incoming flow to a water body at higher level thanks to the 
interplay of a number of pumping units.  
Many reliability models have been formulated for pumping stations of water distribution systems [Duan and Mays, 
1990, Mays et al., 1989].   
Specific stochastic models for the reliability of sewer pumping station have been formulated based on the 
probability that the parallel pumping units that compose the pumping station may fail [Ursino et al, 1996, Ermolin 
et al, 2002]. Models that assess sewer service based on the description of the hydraulic functioning of the system 
[Bennis et al., 2003, Ermolin et al, 2002] or the occurrence of specific components failure [Abraham et. Al., 1998,  
Wirahadikusumah et al, 2001, Chughtai, and Zayed, 2008 Hahn et al., 2005, Micevski et al., 2002, Jin, and Mukherjee, 
2010] or the deterioration of the system components [Korving H et al, 2006, Sumer et al., 2007] are valuable 
supports for maintenance decision making. To the best of our knowledge, few studies considered the combined 
probability function of runoff and pump availability [Ursino et al.1996], none evaluate the impact of the network 
storage capacity on the system reliability.  
Here we propose a model that incorporates two stochastic models for (a) the storm water discharge and (b) the 
complex system functioning, into a tool for the storm water sewer reliability assessment.  The model accounts for 
the fact that the availability of a storage capacity may increase the urban drainage system reliability, and to analyze 
its effect in this paper we focus on a storm sewer system comprising a sewer, a storage capacity (that may be in 
line or at the wet well), and a pumping station. In our schematic stormwater sewer system a pipe network with 
storage capacity transfers water to the pumping station, and the pumping station discharges the incoming flow to a 
water body at higher level thanks to the interplay of a number of pumping units. The model may be used to 
evaluate the reliability of different design solution in order to define the design criteria that maximize the system 
service and minimize the realization costs.  
2. Material and Methods 
2.1Stochastic model for storm water discharge 
 
The probability of the failure is linked to the overwhelming of the pumping station storage capacity, given the 
available pumping capacity. 
The problem of deriving a probability density function of the stored runoff, is quite complex and requires the 
detailed evaluation of the joint probability density function of the rainfall intensity i and duration tr. However it 
may be simplified by assuming that the critical rainfall duration (the one that maximizes S) may be approximated 
with the concentration time. This is acceptably true for relatively small catchments (as those that produce the 
inflow to medium and small pumping stations). With reference to rainfall events with duration tr=tc, the problem of 
defining a probability density function of the load becomes far more tractable. 
1681 N. Ursino and P. Salandin /  Procedia Engineering  70 ( 2014 )  1679 – 1687 
According to the rational formula, for rainfall duration tr exceeding the concentration time tc, the runoff 
hydrograph increases from start rainfall to t=tc and then remains constant at the peak rate Q 
( )
c
r
r t
ttiACQ =   (1) 
Where C=runoff coefficient, i= average rainfall intensity, and A=catchment area. 
The rational hydrograph produces a total runoff volume 
rr tQV =   (2)  
The constant pumped flow M starts at ts when the volume Vs is in the wet well. 
∫= s
t
s QdtV
0
   (3)  
The stored runoff from t=ts to t=tc+tr (when the runoff hydrograph goes to zero) is S 
( )∫
+
−=
rc
s
tt
t
dtMQS       (4)  
S, as it ts well known, varies with tr (Figure 1). 
 
 
Fig. 1: Schematic representation of inflow and outflow at the pumping station 
 
 
 
Differentiating S with respect to tr and setting the result to zero, provides and expression between the critical tr that 
maximizes S and M. This expression by substitution into (4) gives the required storage volume for the pumping 
station S, given M [Burton, 1980, Graber, 2010, Froelich, 2010]. 
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The optimal solution for the pumping capacity M=Mmin is the one that minimizes the storage volume for the 
pumping station S=Smin, provided that it satisfies (for each single pump) the following condition for the minimum 
cicle time tmin 
min
min
min
4
M
St =    (5)  
The way Smin varies with Mmin depends on the parameters of the rainfall duration formula [Froelich 2010] that may 
be evaluated corresponding to the design return period [Froelich, 2010]. 
Rainfall events with critical duration and higher return period produce higher peak hydrograph and cause the 
system failure because of the insufficiency of the storage capacity. A system failure may derive also from the 
pump failure, e.g., for a single pump M=0, and then 
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When more than one pumps provide the required pumping capacity M, the failure of one or more pumps, causes a 
reduction of M and thus, as well and overwhelming of the pumping station storage capacity. To avoid this, a 
certain number of redundant pumps is usually available in stand by within the pumping station. 
If there are n pumping units, M=nQp .  
For tr=tc 
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Assume that n-i pumps fail. The maximum storage capacity is exceed by rainfall events with duration tr=tc and 
peak hydrograph flow rate Q, given by   
( ) ( ) ( ) ( )pscsppscsp iQQitttQinQQntttQn −⋅−+=−⋅−+ *   (9)  
That leads to 
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If  Q*=nQp and ts=tcn-1 
( ) pQiQ 1+=  
Thus the probability that the storage capacity of the pumping station may be exceded when just i over n pumping 
units are out of failure maty be linked to tha probability that the incoming peak flow rate exceeds the threshold 
value Q. 
For tr=tc , assuming that the short duration rainfall intensity equation is i=a⋅exp(-mt) [Froehlich 2010].  
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aCtQ mc
−=    (11)  
With a random and C and m deterministic, 
( ) ( ) dQdQ
dapdQQp QaQ = .  (12)  
Assuming that rainfall events that generate incoming runoff to the pumping station are distributed exponentially, 
we may assume for the probability density function of the incoming flow rate has the following form 
( ) ⎟⎟⎠
⎞
⎜⎜⎝
⎛ −=
Q
Q
QQp μexp
  (13)  
Where the average load μQ depends on the sewage storage capacity through C and on the climate that determine 
the probability density function of a. 
 
2.2 Stochastic model for sewer pumping stations 
 
The reliability a of a component (pumping unit) is defined as the probability that the component experience no 
failure during the time interval [0,t] given that it is new or repaired at time t. The failure rate λ(t) is the probability 
that a component experiences a failure per unit time at time t, given the probability that it was operating in [0,t]. If 
the component failed at time 0, the repair rate μ(t) is the probability that the component repair is completed before 
time t [Mays and Cullinane, 1986]. 
The rates λ(t) and μ(t) vary with the age of the pumps, composition of the sewage, succession of wet and dry 
season, flow condition and operation and maintenance policy respectively [Korving et al 2006].  
When λ(t) and μ(t) may be considered time independent, the reliability of each pumping unit may be evaluated as 
the steady state solution of a Markov process with constant rates according to the following expression [Henley & 
Kuamamoto, 1992]. 
μλ
λ
+
=a   (14)  
Conversely, the probability f that the same pumping unit fails at time t is 
μλ
μ
+
=−= af 1    (15)  
The pumping station is here modelled as a complex system with N components all equal and connected in parallel. 
If the capacity y of the pumping station is provided by N pumping units with discharge capacity QP the chance that 
i of N are new or repaired at time t  corresponds to the probability that the discharge capacity of the pumping 
station is y=iQP and may be expressed as: 
( ) iNiP faN
i
iQyP −⎟⎟⎠
⎞
⎜⎜⎝
⎛
==   (16)  
Concerning the backup capacity of the station, a subtle differences exists between stand-by redundant elements and 
the others. Indeed if K of N elements are ready to replace one that is in failure but unless a failure occurs they 
remain in stand-by, the maximum pumping station capacity will never exceed (N-K)QP . Otherwise, when no 
failure occurs it may rise up to NQP . 
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2.3 Dynamic reliability model 
 
The pumps are only in demand during storm events and thus the reliability of the system is defined as the available 
pumping station capacity exceeding the incoming runoff discharge. The network storage capacity mitigates the 
peak runoff discharge thus affecting the statistical characterization of the load. The static reliability computation 
represents the worst single load applied. The load applied to many hydraulic structure is a random variable. 
If the probability density function (pdf) of the stress fx(x) and the strength fy(y) is known, the reliability (A) 
computation is referred as a load resistance interference diagram [Mays and Cullinane, 1986]. 
( ) ( )∫ ∫∞=
0 0
y
xy dydxxfyfA   (17)  
Dynamic reliability models  (time dependent) consider repeated application of loads and change of resistance 
distribution with time. 
Here we consider repeated application of loads and time invariant resistance pdf. 
By combining equations (13), (16) and (17) the reliability of the drainage system may be evaluated according to 
the following equations (18) and (19) 
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If K components are redundant in stand-by the reliability function becomes 
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3. Results 
The control parameter  
Q
PQN
μα
⋅
=    (20)  
represents the ratio between the maximum pumping station capacity and the average incoming flow. The 
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evaluation of the reliability of the rain water drainage system depends on the control parameter (equation 20), on 
the number of pumping elements that are installed N, on the number of redundant  components K  and on their 
reliability a. 
In Figure 1 and 2 two example of application are considered: in Figure 2 we set α=1, in Figure 3, α=2, that means 
that in the average the resistance is larger that the load as compared with the reference case study of Figure 1. 
The number of pumping elements N and the number of redundant elements range between 1 and 8 and a=0.8. In 
Figures 2 and 3 the dashed lines corresponds to the reliability evaluated with equation (19) and the continuous line 
those obtained with equation (18).  
The reliability of the system increases with N and K as we expected, although adding redundant elements in stand-
by is less effective than increasing the number of pumping units that may function in parallel if necessary. 
Furthermore, the results quantitatively demonstrate how the increment of pumping capacity (N) and storage 
capacity (N and α) leads to higher reliability values. Increasing the network storage capacity reduces the peak 
discharge, corresponding to lower α. The impact of the storage capacity on the reliability of the system as may be 
evaluated by confronting in Figure 2 and 3. 
 
 
Fig. 2: Reliability of the drainage system for different number of pumps installed N and redundant pumping units K according to equations (18) 
and (19):continuous and dashed lines respectively. Reference case study: α=1 
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Fig. 3: Same as in Figure 2, with  α=2. 
4. Conclusions 
We propose a new model that incorporates two stochastic models for stormwater discharge and the complex 
system functioning into a tool for the stormwater sewer reliability assessment.  
The model quantitatively demonstrates that the increment of pumping capacity and storage capacity leads to higher 
reliability values. Provided sufficient data to parameterize the model a may be used to evaluate the reliability of 
different design solution in order to define the design criteria that maximize the system service and minimize the 
realization costs.  
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